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Introduction
The stability of natural proteins to in vitro chemical or
thermal denaturation is not optimal, as the stability of the
same protein can vary significantly in different organisms.
Many proteins which could have useful pharmacological
or industrial applications are not stable enough for these
purposes and, consequently, there have been many com-
parative studies addressing the differences between
chemically and/or thermally stable proteins and their
labile counterparts. These studies are difficult, though, as
there are a significant number of changes between labile
and stable proteins [1] and it is therefore difficult to
ascribe the stability to any of their components and inter-
actions [1,2]. Protein engineering studies have quantified
the relative contribution of many different interactions to
protein stability and some empirical strategies to increase
it have been outlined [2–9], but a general rational
approach is still missing [8].
One possible way of increasing protein stability is to stabi-
lize secondary structure components. Pielak et al. [10]
demonstrated that for a helix–helix interface, the changes
in G upon mutation did not correlate with helical
propensities. However, these results could be due to the
fact that buried residues were mutated. In principle, if
only solvent-exposed residues are mutated and the native
secondary structure propensities are increased, this should
result in an overall increase in protein stability. In the past
few years, our knowledge about the interactions responsi-
ble for helix stability has increased considerably due to the
many experimental analyses of peptides (for review, see
[11]) and proteins [12–17]. This experimental information
has been incorporated into an algorithm based on the
helix/coil transition theory, AGADIR, which predicts with
good accuracy the helical behaviour of monomeric pep-
tides in aqueous solution at a residue level [18,19]. The
whole parameter set of AGADIR has been implemented
recently in the complete multiple sequence approxima-
tion, which accounts for conformations with more than one
overlapping helical segment (AGADIRms). In this new
version, the helicities of each residue are normalized with
the molecular partition function (V Muñoz & L Serrano,
unpublished data; see legend to Fig. 1). Potentially, using
AGADIRms, we could rationally stabilize any -helix in a
protein, in a way in which we could find a compromise
between the stabilization and the overall properties and
function of the protein (integrity of the core, charge
balance, hydrophilic exposed surface, etc.).
To show the feasibility of this approach we have chosen a
small + monomeric protein (81 residues), the activation
domain of human procarboxypeptidase A2 (ADA2h), and
we have engineered its -helices in isolated peptides and
in the whole protein. The three-dimensional structures of
this fragment in different forms of procarboxypeptidases
(A1, A2, and B) have been derived, either in the isolated
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state [20] or within the proenzyme [21–23]. All the
resolved activation domains of procarboxypeptidases are
highly conserved structures consisting mainly of a globular
region with two -helices and four -strands arranged in
an open sandwich antiparallel –antiparallel  topology.
This human ADA2h domain has been thermodynamically
and kinetically characterized, and it has been found that
the urea-induced and temperature-induced unfolding
reaction is reversible at pH 7.0 and could be considered as
a two-state transition [24], in agreement with previous
results on the homologous domains of the A1 and B
proenzymes [25,26]. 
Results
Design of the mutations
In Figure 1, we show the whole sequence of the ADA2h
domain, its secondary structure based on the high
sequence homology to porcine procarboxypeptidase A
[22], and the sequences of the native and engineered pep-
tides containing the two -helices of the molecule. In
both helices there are some solvent-exposed residues, the
intrinsic helical propensities of which are low [11,14,17,18]
and which can be mutated to introduce new favourable
sidechain–sidechain or sidechain–helix dipole interactions
[18] (see Table 1). 
Using AGADIRms, we designed mutations at the solvent-
exposed positions of the two segments containing the
helical regions (Fig. 1) to maximize the helical content
(see Table 1). In the case of the segment corresponding to
Helix 1, the algorithm predicted a helical content of 16%
(in water, pH 5.2 and 4°C), and of 63% for the mutant
peptide in the same conditions. For the segment corre-
sponding to Helix 2, the predicted population in the same
conditions was of 4.5% for the wild-type and of 44% for
the mutant (data not shown). Due to the nature of the
helix/coil transition, the predicted helical increase in Helix
2 corresponds to a larger stabilization energy than that
observed for Helix 1 [18]. This can be clearly seen in
Table 1, in which a total energy of –1.56 kcal mol–1 is
added to Helix 1 and –2.54 kcal mol–1 to Helix 2. These
numbers should be regarded with caution, however, as
there could be a significant error in the estimation of the
free energies of sidechain–sidechain interactions. This is
because these numbers are obtained from fitting a
helix/coil algorithm to a large database of peptides that do
not have a uniquely defined conformation [18]. If the
numbers in Table 1 are correct, we should expect a larger
increase in protein stability when introducing the muta-
tions corresponding to Helix 2 than when introducing
those corresponding to Helix 1. 
Far-UV circular dichroism (CD) analysis of the wild-type
and mutant peptides
To check if the prediction was correct, we synthesized four
peptides spanning these segments, two corresponding to
the wild-type sequences and two to the mutant sequences
(Fig. 1). The CD spectra of the wild-type and mutant
peptides corresponding to Helix 1 show that the helical
content determined using the ellipticity at 222 nm [27] is
close to what the algorithm predicted, 16% versus 27% and
63% versus 57% for the wild-type and mutant peptides,
respectively (Fig. 2). In the case of Helix 2, the CD analy-
sis could not be done as both peptides were soluble only at
pH 13 and they still exhibited concentration dependence
in their CD spectra, although a significant increase in
helical content was seen in the mutant peptide at the same
diluted concentration (data not shown). 
Nuclear magnetic resonance analysis of the peptides
The helical increase in Helix 1 was corroborated by NMR
analysis of the wild-type and mutant peptides (Fig. 3a–c;
the same could not be done on Helix 2, because of aggre-
gation problems). The presence of several non-sequential
i,i+3 and i,i+4 NOES (Fig. 3a) and the upfield chemical
shifts of the C proton with respect to random-coil values
(Fig. 3c) indicate that the helical conformation spans
residues Glu5–Glu18 for both peptides. The helical
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Figure 1
Sec.St      TT SSSSS   THHHHHHHHHHTT 333  SSSS   TTTT SSSSS 333HHHHHHHHHHTT  SSSSST
Prot MRSLETFVGDQVLEIVPSNEEQIKNLLQLEAQEHLQLDFWKSPTTPGETAHVRVPFVNVQAVKVFLESQGIAYSIMIEDVQ
H1Wt                VPSNEEQIKNLLQLEAQEHLQY
H1Mt                VPSNEEQIKKLLELEAKKHLQY
H2Wt                                                        FVNVQAVKVFLESQGIAY
H2Mt                                                        FVNVEAVKAFLEAHGIAY
Sequence of the activation domain of human procarboxypeptidase A2
(ADA2h) and mutant-stabilized regions. The secondary structure
assignment shown in the first line (Sec. St.) is based on a homology
modelling from that of the equivalent domain of porcine
procarboxypeptidase A [22] (59% identity), using the Kabsch &
Sander definition [31]. The peptides analyzed in this work are shown
below the corresponding sequence of the protein. H1Wt and H1Mt,
wild-type and mutant peptides containing Helix 1; H2Wt and H2Mt,
wild-type and mutant peptides containing Helix 2. The H1Wt and
H1Mt peptides have a Leu→Tyr mutation at the end of the peptide.
This was done to measure peptide concentration by UV absorbance at
280 nm. The mutated Leu residue is not part of the helix and the main
effect we expect for the Leu→Tyr mutation is a small decrease in the
ellipticity at 222 nm.
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increase upon mutation is clearly seen when comparing
the upfield chemical shifts of the C proton with respect
to random-coil values of the two peptides (Fig. 3c).
Thermodynamic analysis of the wild-type and mutant
proteins
The same mutations were done in the whole protein
domain (ADA2h) by site-directed mutagenesis of the
gene and, after expression in Escherichia coli and purifica-
tion, the wild-type and mutant forms were analyzed by
urea denaturation in equilibrium (Fig. 4), as previously
described [24]. It is very clear that in the two cases a sig-
nificant increase in stability occurs.  Fitting the data to a
two-state transition analysis (Table 2) reveals that the
stability of the protein increases from 4.2 ± 0.1 to
4.9 ± 0.1 kcal mol–1 (a difference of 0.7 kcal mol–1) in the
case of Helix 1 mutations and to 5.2 ± 0.1 kcal mol–1 (a
difference of 1.0 kcal mol–1) in the case of Helix 2 muta-
tions, in reasonably qualitative agreement with what was
expected from the CD analysis of the peptides. The
slope m, which is proportional to the difference in solvent
accessibility between the folded and unfolded states, is
smaller in the two mutants, thus suggesting that we have
a less denatured state or that we have stabilized an equi-
librium intermediate. Independently, thermal denatur-
ation experiments were performed at pH 7.0, as at this
pH denaturation is fully reversible [24]. Unfortunately,
the Tm of the wild-type protein is quite high (Tm=77°C)
[24] and in the more stable mutants 1 and 2 the transition
Table 1. New helical interactions introduced in the protein and peptides.
Helix 1 Helix 2
Mutation Interactions Energy Mutation Interactions Energy
Asn25→Lys Intrinsic –0.45 Gln60→Glu N-Dipole –0.22
N-Dipole 0.27 C-Dipole 0.00
C-Dipole –0.08 EK i,i+3 –0.10
EK i,i+4 –0.33 Val64→Ala Intrinsic –0.51
QK i,i+3 –0.10 (VS i,i+4) (–0.30)
(EN i,i+4) (0.30) Ser68→Ala Intrinsic –0.52
KK i,i+1 0.09 Gln69→His Intrinsic 0.30
KE i,i+3 –0.10 N-Dipole 0.00
KL i,i+4 –0.15 C-Dipole –0.44
Gln32→Lys Intrinsic –0.17 FH i,i+4 –0.90
N-Dipole 0.00 LH i,i+3 –0.15
C-Dipole –0.34 (FQ i,i+4) (0.30)
EK i,i+4 –0.33
KK i,i+1 0.09
KL i,i+3 –0.20
Glu33→Lys Intrinsic –0.17
N-Dipole 0.00
C-Dipole –0.36
LK i,i+4 0.20
EK i,i+3 –0.10
(EH i,i+1) (0.1)
KK i,i+1 0.09
KH i,i+1 0.18
Total –1.56 –2.54
Figure 2
Far-UV CD spectra of the wild-type and mutant peptides containing
the helical regions of ADA2h. Peptides corresponding to Helix 1 are
shown as: thin line, wild-type peptide; thick line, mutant peptide.
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All energies are in kcal mol—1 and correspond to those indicated in the
work of Muñoz & Serrano [18]. The electrostatic interactions with the
N-terminal dipole are indicated as N-Dipole, and with the C-terminal
dipole as C-Dipole. Cases in which the i,i+1, i,i+3 and/or i,i+4
interactions were zero are not shown. In parentheses are shown
interactions that are eliminated upon mutation—the sign of the energies
of these interactions is the opposite.
is not finished at 90°C, thus preventing a proper fitting of
the data (data not shown).
Discussion
The experimental results shown above indicate that it is
possible to increase the stability of a protein to chemical
and thermal denaturation by increasing the stability of its
secondary structure elements. This can be done easily
using AGADIRms and mutating only solvent-exposed
regions. The same could be done using buried positions,
but then context effects would play an important role and
the stabilizing effect due to the modification of the sec-
ondary structure propensities could be lost. However, CD
and NMR analyses of many different peptides corre-
sponding to -helices in proteins [18] have shown that, in
general, -helical sequences in proteins are not optimal
and therefore that there is plenty of room to improve them
simply by mutating solvent-exposed regions. 
There is a reasonably qualitative agreement between the
calculated increase in stabilization in the peptides and in
the mutant proteins, although the energy increase in the
protein is about half what we in theory have added to the
helices. There could be several explanations for this. 
First, there could be errors in the estimation of free energy
contributions to helix stability, as we mentioned above.
AGADIRms predicts 16% helical content for the Helix 2
wild-type sequence and 63% for the mutant, while the
corresponding peptides are 27% and 57%, respectively, in
water. The difference between predicted and experimen-
tal values, if translated to free energies assuming a two-
state system, is around 0.6 kcal mol–1 and almost double
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Figure 3
NMR analysis of the wild-type and mutant peptides of ADA2h
corresponding to Helix 1. (a) NOE summary of the wild-type peptide.
(b) NOE summary of the mutant peptide. (c) (—) Difference between
the chemical shift values of the C protons of the wild-type peptide
and the random-coil values [32]. (——) Difference between the
chemical shift values of the C protons of the mutant peptide and the
random-coil values [32].
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Urea denaturation curves of wild-type and mutant-stabilized forms of
ADA2h. , Wild-type protein; s, mutations in Helix 1; l, mutations in
Helix 2.
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using the helix/coil transition theory. This value, together
with the uncertainty in the estimation of the helical
content of the peptides due to errors in the concentration,
the presence of aromatic residues, non-helical conforma-
tions etc., could easily account for the differences between
the expected stabilization energy added to the protein and
that determined by equilibrium denaturation. 
Second, as we are introducing several charged residues in
both helices, it is possible that we are creating
unfavourable long-range electrostatic interactions with
other residues in the protein. Visual inspection of a three-
dimensional model of the protein does not indicate that
this could be enough to explain the differences in energy
(data not shown). 
Third, the fact that we are introducing only local interac-
tions could result in a stabilization not only of the folded
state, but also of the compact unfolded state under native
conditions (V Muñoz, P Cronet, E López-Hernández & L
Serrano, unpublished data). This should result in smaller
values for m as we have found in the two mutants. Similar
experiments performed in the chemotactic protein from
E. coli, CheY, also resulted in a decrease in the slope m
for the helix-stabilized mutants (V Muñoz, P Cronet,
E López-Hernández & L Serrano, unpublished data) and
this has been interpreted as a stabilization of the compact
denatured state of the protein. However, a recent study in
barnase has shown a correlation between the increase in
stability of the protein and a decrease in the slope m due
to a small curvature in the free energy of unfolding versus
urea [28]. This is not the case for CheY, but we cannot
discard this possibility in our protein until further studies
are made. 
In any case, the above results demonstrate the feasibility
of using helix/coil transition algorithms to rationally
modify the stability of a protein versus thermal and chemi-
cal denaturation containing -helices in a way in which
the properties of the protein can be preserved. Taking
into account the fact that -helices are very well predicted
by secondary structure prediction algorithms and that in
general they are amphiphilic, this approach could also be
of general use in proteins of unknown three-dimensional
structure.
Material and methods
Peptide design
The mutations were designed on the solvent-exposed face of the
helices using the helix/coil transition algorithm AGADIR [18,19] modi-
fied to include a multiple sequence approximation (AGADIRms;
V Muñoz & L Serrano, unpublished data) and are shown underlined in
Figure 1. In this new version, the molecular partition function includes
conformations with more than one non-overlapping helical segment.
The statistical weights of those conformations with more than one non-
overlapping helical segment are calculated as the product of the Boltz-
mann factors of the helical segments included on them. Helical
populations of the residues in the molecule are finally normalized with
the complete molecular partition function. This modification of the
model does not affect the values for any of the energy contributions 
to -helix stability previously reported [18,19], with the exception 
of the hydrogen bond/enthalpic contribution (from –0.775 to
–0.794 kcal mol–1). Both algorithms render almost identical results for
these peptides (±2%; data not shown), but the second approximation
is formally more correct. 
Peptide synthesis and purification
The solid-phase synthesis of the peptides was performed on an
Abimed AMS422 multiple peptide synthesizer using Fmoc chemistry
and PyBOP activation at a 0.025 mmol scale. After synthesis was com-
pleted, protecting groups were removed and the peptide chains were
cleaved from the resin with a mixture of TFA/phenol/EDT/thioanisole/
water (10 ml/0.75 g/0.25 ml/0.5 ml/0.5 ml) for 3 h. The peptides were
purified on a Vydac C-18 reverse phase column (20 × 250 mm,
0.01 mm particle) at a flow rate of 10 ml min–1. Solvent A was water
containing 0.1% TFA and solvent B was 70% acetonitrile, 0.1% TFA in
water. Peptide homogeneity (>98%) was determined by HPLC using
an acetonitrile gradient of 0.7% min–1. The peptide composition was
confirmed by amino acid analysis and the molecular weight checked by
matrix-assisted laser desorption time-of-flight mass spectrometry.
Far-UV CD spectroscopy
The concentrations of the peptide samples were determined by UV
absorbance [29]. CD spectra were recorded on a Jasco-710 instru-
ment calibrated with (1S)-(+)-10-camphorsulphonic acid. Single scans
in the range 180–250 nm were obtained at a temperature of 278K by
taking points every 0.2 nm with a 1 s integration time and a 1 nm
slitwidth. Cells with path lengths of 0.01 cm and 0.5 cm were used for
the analysis of peptide concentrations of 500 mM and 10 mM, respec-
tively. The possible aggregation of the peptides was analyzed by CD by
recording spectra at different concentrations (10–500 µM). At pH 5.2
the peptides corresponding to Helix 1 did not exhibit any concentration
dependence. Peptides corresponding to Helix 2 were soluble only at
high pH and exhibited concentration dependence in their CD spectra. 
NMR
All the peptides (3 mM) were analyzed in water at pH 5.2 and 278K.
DQFCOSY, TOCSY and NOESY (mixing time = 200 ms) spectra
were performed in a BRUKER AMX 500 MHz spectrometer using stan-
dard procedures. Sodium 3-trimethylslyl (2,2,3,3-2H4)propionate (TSP)
was used as an internal reference. The proton resonances were
assigned by the sequential assignment procedure [30]. 
Urea denaturation analysis
Urea solutions were prepared gravimetrically in volumetric flasks. For
each data point, 100 µl of ADA2h in sodium phosphate (pH 7.0) was
mixed with 750 µl of a given denaturant solution, rendering a final
buffer concentration of 50 mM. The mixtures of the protein plus the
buffer in the appropriate denaturing solutions were left to equilibrate for
at least 1 h (no changes are observed between 1 and 12 h incubation
period) [24]. Fluorescence emission spectra of the tryptophan 38 of
ADA2h were used to monitor any changes in the environment of this
residue upon unfolding of the protein. Fluorescence was measured in
an Aminco Bowman Series 2 luminescence spectrometer. Excitation
Table 2. Thermodynamic parameters of the wild-type and helix-
stabilized mutants.
Protein m G
(kcal mol–1 M) (kcal mol–1)
Wild-type 0.95±0.02 4.17±0.09
Helix 1 0.85±0.02 4.89±0.12
Helix 2 0.81±0.01 5.14±0.08
The m and G values have been obtained by fitting the curves shown
in Fig. 4 to eq. 1.
was at 290 nm with a 2 nm slit. Fluorescence was detected through an
8 nm slit. In these experiments, protein concentration was kept at
2.2 mM and temperature at 298K. The equilibrium constant for denatu-
ration was calculated for each denaturant concentration ([denat]) using
equation 1:
F = (FN + a [denat]) + (FU + b [denat]) exp (m [denat] – GH2O) / RT
1 + exp (m [denat] – GH2O) / RT 
in which the dependence of the intrinsic fluorescence upon denaturant
concentrations, in both the native and the denatured states, is taken
into account by the terms of a [urea] and b [urea], respectively (linear
approximation). With this kind of analysis a two-state model for denatu-
ration of ADA2h and mutants is being assumed, with no species accu-
mulating significantly apart from the native and denatured forms of the
domain.
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